Abstract: Bio-crude pyrolysis oil is obtained by a process called fastpyrolysis, in which almost any organic-based feedstock is thermally processed at moderate temperatures, in the range of 400-600 °C, in the absence of oxygen at short residence times. After condensing the vapors in a cooling tray, a dark-brown bio-liquid is obtained. The quality of the so-obtained fast pyrolysis oil has some barriers for its direct use as transportation fuel. Low-caloric value, high viscosity and corrosion are the major obstacles for its implementation in conventional engines. There have been sustained efforts to improve the quality of the oil. In this communication we are reporting a concept on improving the acidic properties, by means of a combined catalyzed and adsorption approach. We found that fast pyrolysis oil can be upgraded through alcoholysis using bio-based alcohols, n-BuOH and tetrahydrofurfuryl alcohol, that are biomass derived bulk chemicals. The reaction is acid catalysed, whereas water is continuously separated from the condensate mixture by a molecular sieve adsorption. Under optimal conditions, the ultimate acidity and water content of the upgraded product are marginal.
Bio-crude pyrolysis oil (BcPO) is produced by fast pyrolysis technology, a process where a priori any kind of organic-based feedstock can be heated in the absence of oxygen at low residence times, forming a gaseous product that is afterwards rapidly cooled down [1] [2] [3] , with yields up to 80 wt. % [4] . The liquid product is formed by a complex mixture of polar compounds that is relatively easy to produce with limited capital cost investments. Due to the high oxygen content, this liquid can, however, be mixed only to a limited extent with conventional diesel or gasoline. It contains a substantial amount of water and oxygen-containing compounds, which implies a low heating value as well, that is estimated at 40-50% of that for hydrocarbon fuels [1] .
The BcPO is acidic and its storage stability is limited [5] [6] [7] due to the presence of acids and polymerisation reactions of reactive aldehydes with phenolics. Thus, the direct use as transportation fuel, or co-feeding in conventional oil refineries, has still several barriers to be tackled. Therefore, in order to extend the application prospects, upgrading of the BcPO is crucial. Particularly reducing the organic acids and reactive aldehyde levels is necessary, though this will compromise other properties, as postulated by Bridgwater [4] .
Research on upgrading of BcPO is an emerging field, becoming as extensive as the pyrolysis process itself. A number of approaches have been suggested, including physical and chemical routes. In terms of physical upgrading methods, Diebold et al. [8] proposed improving the viscosity of BcPO using a physical method denoted as 'hot-vapour filtration', by filtering the oil using sintered metals or ceramic elements. The use of microemulsions has also been applied, whereby surfactants are used to blend pyrolysis oil with conventional oils/fuels. This method was introduced by CANMET Energy Technology Centre (Ontorio, Canada) [9, 10] , which improves its ignition properties. Addition of solvents (without reaction) such as alcohols reduces its viscosity and increase the stability [11] . A high pressure and thermal treatment [12] decreases the oxygen content of the oil phase and hence increase the energy content, from 14.1 to 28.4 MJ/kg.
Chemical upgrading has been investigated by means of the catalytic cracking over an acidic material [13] [14] [15] [16] , resulting in a limited yield to hydrocarbons, mostly aromatics. Catalytic hydrotreatment has been the dominant research area, which is a hydrode-oxygenation (HDO) process at high pressure and temperature using conventional hydro-processing catalysts, based on Ni-Mo or Co-Mo supported on alumina, to crack large molecules and reduce polar compounds. This HDO process was pioneered by Elliot and Baker (Pacific Northwest lab, USA) [17] and Delmon (Louvain) [18] . The process results in a higher-grade oil that can be co-processed in oil refineries. Alternatively, Ru-based catalysts have been reported as very efficient [19] [20] [21] , with increased energy content ranging 25 to 35 MJ/kg [21] .
Removing oxygen as H 2 O has also been carried out by reacting the oil chemically with alcohols through esterification and acetalization. Such a process would lower the acid content and enhance the stability; it is generally accepted that the carbonyl groups are related to the limited storage stability, which promotes further cross-linking reactions. Initially, three groups have investigated this route. VTT (Finland) reported in 2004 that the addition of alcohols in the presence of a liquid catalyst improved the oil properties [22] , which was in agreement with the pioneering work of Radlein et al. [23] . In the latter, one-pot reactive adsorption using molecular sieves was applied to remove water from the reaction. Vuthaluru's group investigated the odour control via esterification of pyrolysis oil with ethanol using sulphuric acid as a catalyst [24] .
This direction drew considerable attention in the last decade for further development. In particular, the main technological driver has been using low-cost alcohols such as MeOH [25] [26] [27] [28] [29] [30] , EtOH [28, [31] [32] [33] [34] [35] [36] or n-BuOH [28, [37] [38] [39] that would have a reduced impact on the final production cost of the upgraded BO; the real effect of the upgrading route, on the final costs, has been critically appraised by Zacher et al. [40] . The catalyst has played an important role too. As demonstrated by Moens et al. [28] the esterification reaction did not proceed further than 18% conversion without strong acid addition, at the applied reaction conditions. Most of the reported studies opted for commercially available resins, such as Amberlyst-70 [27, 38] , Amberlyst-15 [28, 38, 39] , Nafion SAC-13 [28, 37] , Nafion NR50 [38] , Dowex 50WX2 [38] , 732 resin [26] , NKC-9 resin [26] , tailor-prepared mesopropus silica-based SO 3 H-SBA-15 [25] and functionalized ionic liquid C 6 (mim) 2 -HSO 4 [35] . Homogeneous catalysts, such as p-toluene-sulfonic acid [28] and H 2 SO 4 [28, 39] , have been claimed as well, though this would require an additional neutralization step. In particular, p-toluene-sulfonic [28] did not lead to high residual acidity; and this was explained by a possible decomposition or reaction with the bio-oil matrix.
In the alcoholysis condensation reactions, water is produced as by-product, either via esterification or acetalization, and both reactions are equilibrium limited (one must bear in mind that other water producing condensation reactions, catalysed by strong acids, might take place). Therefore, as far as the equilibria is concerned, water removal is an important driving force. This will 1) shift the equilibrium to the product side, thereby having a higher conversion of carboxlic acids and aldehydes, and 2) accelerate the rate of the reactions [41, 42] . Both will ultimately improve relevant properties, such as acidity and stability, while others are compromised such as viscosity, because the water removal will make the final product more viscous. Therefore, for this particular alcoholysis route, it is important to have an excess of alcohol to maintain the viscosity in the lower side, at the expense of a higher production cost of the upgraded BcPO due to the alcohol excess.
Removal of water has been considered by several groups. Reactive distillation in EtOH combined with H 2 O 2 oxidation provoked phase separation resulting in a 5 wt.% of H 2 O in the heavy phase [33] . Reaction with EtOH over functionalized ionic liquid C 6 (mim) 2 -HSO 4 displayed phase separation [35] , with a final water content of ca. 8 wt.% in the organic layer. A vacuum rectification method using n-BuOH led to a moderate pH increase while water was reduced to 5-9 wt.% [37] . Hydration of 1-octene to remove water was also proposed, resulting in a phase separation and 7 wt.% H 2 O in the organic layer. Ultimately, azeotropic water removal [28] using cyclohexane was effective to shift the equilibrium and decrease the total acid number (TAN).
From a fundamental standpoint, these approaches provide evidence that the acidity and calorific value of the BcPO can be optimized via alcoholysis. In this work, we are reporting novel results about the alcoholysis of BcPO with the general goal of an experimental screening using bio-based alcohols which makes the process completely green, and a process with an effective water removal decoupled from the reaction vessel. Prior to the final optimal concept, we will be describing results using various reactor models to conduct the alcoholysis in a water-free environment. Fig S1b) . In one case, water was omitted, denoted Soxhlet (-water), . Full time dependency curves can be in the Supporting Information.
We started looking at the model reaction between acetic acid and n-BuOH, in the presence of H 2 O to simulate the typical water concentration in BcPO; acetic acid was chosen as the model compound since the bio-oil contains ~10 wt.% acetic acid [43] . Commercial Amberlyst 16 and a tailor-made catalyst was employed: the latter is an as-synthesized beta zeolite (Si/Al=12.5) whose organic template was pyrolyzed 550 °C (beta-pyr550); the zeolite was in this way thermally treated to enhance its hydrophobicity (see experimental section in ESI). The steady state reaction conversion over the two catalysts using a conventional reaction system (see rector sketch in Figure S-1a) was almost identical (Fig. 1) ; with a final acetic acid conversion of 38% due to the equilibrium water inhibition. Notable changes were observed when the conventional set-up was modified having an in-line soxhlet (represented in Fig. S-1b) . Such modification allows for the temporary hold-up of water, and light compounds in the separate soxhlet, facilitating the esterification reaction in the reaction vessel. This is concluded from the improved conversion over Beta-pyr550 and Amberlyst-16 with conversions up to 50-55 % (Fig. 1 ), compared to 38% for the conventional reactor, as presented above. Moreover, these results show that the Brønsted sites of Beta-pyr550 are resistant to H 2 O, having a comparable strength to the SO 3 -groups in Amberlyst-16 under these reactions conditions.
A similar reaction concept was applied for upgrading the BcPO. The reaction conditions were identical while the catalyst type was varied using a wide range of commercial resins, H 2 SO 4 , sulfonated pyrolized glucose and beta-pyr550. An overview of the results is given in Table S-1. The performance was evaluated using a definition of an average pH (see definition in the Supporting Information section), to get a rough estimate for the extent of the esterification reactions. It was generally observed that the resins performed well; the best results were obtained with Dowex 50WX8 Na + , Amberlyst 15 H + and Nafion NR50, yielding an average pH of 4. A similar value was found for Beta-pyr550. The proof of esterification was investigated by two-dimensional GC analysis, shown in Figure 2 (bottom). The chromatogram detects four characteristic butyl esters; formic acid butyl ester; acetic acid, butyl ester; propanoic acid, butyl ester; and butanoic acid, butyl ester. These compounds were not detected in the raw BcPO ( Fig. 2-Top) . Therefore, the esterification between the various carboxylic acids present in the BcPO and n-BuOH occur. Despite the esterifications take place, experiments at longer reaction time (24 h) with n-BuOH/BcPO = 3 only increased further the average pH up to 4.7, which was not a significant improvement. This means that the water hold-up effect in the soxhlet was not as effective as we expected.
An additional test was carried out in the model reaction (Fig.  1) using the soxhlet without externally added water, simulating to have an effective water adsorbent in the Soxhlet chamber. The results reveals notable yileds with 91-96% conversion; a slightly better performance of the Beta-pyr550 was found. This result indicates that the water content present in the bio-oil (ca. 8.2 wt.%) can have an adverse effect on the catalytic performance. Moreover, esterfication leads to additional water. So water removal is vital to improve the activity of acid catalysts. Based on the promise seen in the above results using model reaction, we aimed at finding a way to remove the water in the actual bio-oil experiments. In a successive study, we opted for an improved reactor concept (equivalent to a Dean Stark) using a molecular sieve in the condensate chamber to sequestrate water more effectively, thus accelerating the kinetics and shifting the equilibrium, further. By using a molecular sieve, the choice of alcohol is not limited to have a biphasic behaviour to separate water, as it is the case with n-BuOH. We employed tetrahydrofurfuryl alcohol (THFA), a furfural derived alcohol with a high boiling point (178 °C) that is obtained by two successive hydrogenation reactions of furfural, through furfuryl alcohol [44] . Therefore this upgrading route, using THFA, can be considered a green biomass derived route.
The reaction was carried out in a batch reactor at the reflux temperature, ~178 °C (Fig. 3) . The conditions were such that the vapours produced (water, and low molecular weight volatile organics) were subsequently condensed. The condensate liquid drains down to a vessel containing the 3Å molecular sieve (previously thermally activated at 350 °C overnight). There, water is selectively adsorbed. The remainder of the condensate is continuously recycled to the reaction vessel.
It was found that the reaction proceeds very well with both Amberlyst 16 and Beta-pyr550 (Table 1 , entries 2 and 3). The total acid number of the upgraded oil was reduced from 25 to 6-10 mg KOH/g with a water content depletion from 8.2 to 2.6-4.3 wt. %. In order to decrease the TAN and water content further, the reaction was carried out for 48 h, with a replacement of the molecular sieve after 24 h. Under such conditions the TAN was reduced to a marginal value of 2 mg KOH/g, whereas almost no water was detected in the upgraded oil.
The product yield per carbon basis was calculated by the mass ratio between the recovered upgraded liquid to the starting water-free pyrolysis oil, i.e. BcPO where pristine water was subtracted. The calculated ratios were about 90% (for 24 h reaction time, entry 3) and 75% (for 48 h reaction time, entry 4), which means that a fraction of these light compounds is held up within the molecular sieve. Effective means to recover this fraction, as well as reducing the alcohol use, are areas for optimization.
It is concluded that using a reactor concept where reaction and water separation are decoupled, and employing a biomass derived high-boling temperature alcohol, tetrahydrofurfuryl alcohol, a free-flowing upgraded pyrolysis oil with marginal TAN and water content can be obtained.
Experimental Section
Experimental Details can be found in the electronic supporting information. T. Buntara, ‡ [a] Z. Zhang, [a] I.J. Vehoff, [a] C. Boyadjian, [a] L. Falco, [a,c] K. Seshan, [b] N. Gómez, [c] H.J. Heeres, [a] I. Melián-Cabrera Corresponding author:
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Materials and methods

Materials
Pinewood pyrolysis oil was obtained from University of Twente, Sustainable Process Technology Group, The Netherlands (pH = 2.9, water content = 25.4 wt.%, density = 1.15 g/ml). Acetic acid (glacial, 100%) was purchased from Merck. n-butanol (99%) and glycerol (99.6%) were purchased from Acros while tetrahydrofurfuryl alcohol (98%) was purchased from Aldrich. Sulfuric acid (95-97%) was purchased from Merck. Nafion SAC- After cooling to ambient temperature, the solid was filtered using 1000 cm 
1.2.7.Water content analysis by Karl Fischer titration
The water content was determined using a Karl-Fischer titration using a Metrohm 702 SM Titrino titration device.
1.2.8.Acidity analysis
The pH was determined using a pH meter (pH 315i) from WTW, Germany. The TAN number analyses were performed using a Metrohm Titrino Plus 848.
1.2.9.Elemental analysis
Elemental analyses were performed using a EuroVector EA3400 Series CHNS-O analyzer with acetanilide as reference. All analyses were performed twice and the average value is reported. where xi is the mass fraction of each phase and pHi is the pH of each phase. When using nBuOH we identified 3 phases: heavy oil, light oil (organic) and light oil (aqueous). The reason for including all the fractions in the calculation is to include the possible absorption of the unreacted carboxylic acids in the light oil (aqueous).
TAN determination
The TAN number of pyrolysis oil samples was determined by potentiometric titration following the method reported by J. J. Wang et al, Energ. Fuel. 2010, 24, 3251 but using acetone as co-solvent, using a Metrohm 702 SM Titrino titration device. Varying amounts of PO samples (0.50 to 1 g, depending on the acidity levels) were dissolved in a 1:1 mixture of acetone and water (40 mL) and were titrated using 0.1 M standard aqueous solution of KOH (Sigma-Aldrich). Each sample was analyzed twice and a mean value is reported. 
